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" The history of Science is a
history of tensions between
theoretical predictions and
observations

" Astrophysics and Cosmology
have become precision sciences
with an incredibly huge amount

of data
" New Tensions appear.

Are we approaching New
Physics?



History of Science - History of Tensions
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Mercury periliheimum - 1859

* The true orbits of planets, even if seen from the SUN
are not ellipses. They are rather curves of this type:

For the planet Mercury it 1s

Ap =43"of arc per century



Michelson-Morley experiment -
1887

Michelson-Morley Experiment
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The Theory of Relativity

s=ﬁf d4x\/——g[R—2A]+fd4me(guv,l/J)




60 years of tension

THE VULCAN
THEORY

UNVEILED




Modified Gravity before General
Relativity

" Modifications to Newton's Law
" |nverse Cube Law.

" Extended Inverse-Square Law (Simon Newcomb -
1880’s)

" Lord Kelvin - theory of everything (end of 19th
century)

®" Hendrik Lorentz: gravity on the basis of his ether
theory and Maxwell's equations. (1900)

" Nordstrom's theory of gravitation (1912 and 1913)
" Einstein's scalar theory of gravity (1913)



History of Major Shifts of Cosmological Models

Aristarchus of Samos (c. 310-230 BCE)
T
» Geocentric (Ptolemy) to Heliocentric (Copernicus,

16th-17th c.):

» Retrograde motion (Copernicus)
» Phases of Venus, Moons of Jupiter (Galileo, 1610)

» Heliocentric to Infinite Universe (18th-19th c.):

» Improved telescopes, Uranus discovery (Herschel, 1781)
» Stellar parallax (Bessel, 1838)

» Infinite to Static Universe (Einstein, early 20th c.):

» Nebulae spectroscopy (Slipher)
» Stellar distances (Leavitt, Hertzsprung)

» Static to Expanding Universe (Lemaitre, Hubble,
1920s-30s):

» Galactic redshift (Slipher, 1912-14)
» Hubble's law (Hubble, 1929)

» Expanding Universe to Inflationary Big Bang
(1960s-80s):
» CMB (Penzias & Wilson, 1964)
» Light element abundance (Alpher, Herman)
» Inflation theory (Guth, Linde, 1980s)

» Introduction of Dark Matter (1970s-80s):

» Galaxy rotation curves (Rubin, 1970s)
» Gravitational lensing (Walsh et al., 1979)
» Galaxy clusters (Zwicky, 1930s)

» Lambda-CDM (late 1990s-present):

» Supernova observations (Perlmutter, Schmidt, Riess, 1998-99)
» CMB (WMAP, Planck), BAO (SDSS, 2005)

» Potential Future Shift (2020s-7):
» Hubble tension (Riess et al. vs Planck Collaboration)
» S8 (growth rate) tension (KiDS, DES, Planck collaborations)
» Cosmic dipoles tension (Various teams)
» CMB anomalies (Planck Collaboration)
» ISW (Integrated Sachs-Wolfe) tension
» Lithium problem (Primordial Nucleosynthesis)

New Astronomy Reviews
Volume 95, December 2022, 101659

Challenges for ACDM: An update

L. Perivolaropoulos 2 &, F. Skara &




Summary of 20t century Observations
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Astrophysics and Cosmology
In the 21st century
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So what do
these new
observations
tell us?



HO tension

" The Universe expands faster than
expected!

Constraints on Hy
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S8 Tension

" “Less” Matter clustering than expected!

7 billion light-years

Qamillion lightsyears

5Q0 millién light-years

© 2006 Pearson Education, Inc., publishing as Addison Wesley

Matter Density Fluctuation
Power Spectrum

A different convention:
plot P(k)k3
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35 million light-years
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Too many galaxies too early!

James Webb space telescope



Cosmic dipole tension!
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The lensing anomaly




DESI2 DATA and QUINTOM BEHAVIOR
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Submitted to the Proceedings of the US Community Stwdy
on the Future of Particle Physics (Snowmass 2021)
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Challenges for ACDM Beyond Hy and Sy
A. The Apns Anomaly in the CMB Angular Power Spectrum
B. Hints for a Closed Universe from Planck Data
C. Large-Angunlar-Scale Anomalies in the CMB Temperature and Polarization
1. The Lack of Large-Angle CMB Temperature Correlations
Hemispherical Power Asymmetry
Quadrupole and Octopole Anomalies
Point-Parity Anomaly
. Variation in Cosmological Parameters Over the Sky
The Cold Spot
Explaining the Large-Angle Anomalies
Predictions and Future Testability
Summary
D. Abnormal Oscillations of Best Fit Parameter Values
E. Anomalously Strong ISW Effect
F'. Cosmic Dipoles
1. The a Dipole
Galaxy Cluster Anisotropies and Anomalous Bulk Flows
Radio Galaxy Cosmic Dipole
QSO Cosmic Dipole and Polarisation Alignments
Dipole in SNIa
Emergent Dipole in Hy
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7. CMB Dipole: Intrinsic Versus Kinematic?
G. The Ly-a Forest BAO and CMB Anomalies
1. The Ly-a Forest BAO Anomaly
2. Ly-a-Planck 2018 Tension in n, £,
H. Parity Violating Rotation of CMB Linear Polarization
I. The Lithium Problem
J. Quasars Hubble Diagram Tension with Planck-ACDM
K. Oscillating Force Signals in Short Range Gravity Experiments
L. ACDM and the Dark Matter Phenomenon at Galactic Scales






Are we approaching a Revolution in
Physics?

Knowledge of Physics: Standard Model + General
Relativity

[LTET] w3 Wit w1 275 s Al P30T G 1] a3 Qi ,f“ ’;‘_’4_’ L 3-’* (?’4‘-]—’1 = 3 “"“‘-“ Za-.‘u'f,,. . A:lu#-?"“
thange —+ 23 u B3 C 21 t n H sk ?" e 9%+ # /"*j-,.-c e
[T ’ T -~ 1] . 1 o T :
F W (3'4-3' )e 3?’£7£ " g

Higgs

up charm top gluon A L3
bosan (%), = 9%~ ga T (]
=4 Mghii? =5 Mglutip! i, 1B Gae ] rr A <
= 1 P
1 d A 5 A0 h i : "5'-‘ R = ~
@ - @ - W @ ] 14%0ma SN0
down sirange botlom phictan calif e
0507 Mawh'e" 0. T Rim'avst 1.77T Gae" o912 Galle®
e - -1 T i} E
1[4 u i i
electron Fruan fau Z boson
ol 1 Ly o115 M <185 Ketiis' BlLE Calte )

8 o _ I ; : The Centennial of Einstein’s
- Vo . By . . w General Theory of Relativity
W boson

alectmn miuan tau
neutring neufring neutrino

LEPTONS



Are we approaching a Revolution in
Physics?

So can our knowledge of Physics describes all

Compaosition
af the

NO!  We need new physics!



We need to modify something:

The universe content
or
The theory of Gravity



New particles/interactions
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Modified Gravity
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Standard Model vs General Relativity
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General Relativity
Assumptions and Considerations

s=—L_ @@ 2+ o~ QD

" Diffeomorphism invariance

= Spacetime dimensionality=4

" Geometry=Curvature (connection=Levi Civita)
" Linear in Ricci scalar

" Metric compatibility (zero non-metricity)

" Minimal matter coupling

" Equivalence principle

" Lorentz invariance

" Locality

27



“Those that do not know geometry are not allowed to
enter”.

Front Door of Plato’s Academy




Descriptions of Gravity

Einstein 1916: General Relativity:

energy-momentum source of spacetime
Curvature

Levi-Civita connection: Zero Torsion

Einstein 1928: Teleparallel Equivalent of GR:
Weitzenbock connection: Zero Curvature

[Cai, Capozziello, De Laurentis, Saridakis, Rept.Prog.Phys. 79]
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1
{gt.!x/} — é.ga)\(gﬁu,pﬂ + g;.i-}t,u — gp{.u,)\)- (13)

The corresponding covariant derivative will be denoted by D so that we will have D,g,, = 0.
A general connection I'*,,, then admits the following convenient decomposition:

Fa,u.u - {ﬁau} + Ka,u-u + La,u..u (14)
with

1 ¥ Y ¥ o
K* =-T% +T LY, =5Q% — Q" ) (1.5)

The rotation of a vector transported along a closed
curve is given by the curvature: General Relativity.

N
} Qapw

.
>

The non-closure of parallelograms formed when two The variation of the length of a vector as it is
vectors are transported along each other is given by the  transported is given by the non-metricity:
torsion: Teleparallel Equivalent of General Relativity. Symmetric Teleparallel Equivalent of General Relativity.



Metric-Affine Modified Gravity

Riermann
I =
Riemann-Cartan 'E':'-*H"' =i, torsion free
'I-n!r.lr.ll.p'=“ TAJ“":‘J :.F'!.' e =}
Minkowski
: 1 svmmetric
Wieitzenbick llel
5 . teleparalle
g =LK, HT ™
?-I::" i AT puw=0,
b qF}' Jeas =ﬂ
teleparallel
BT s =0

FIG. 1. Subclasses of metric-affine geometry, depending on
the properties of connection,
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Curvature and Torsion

Vierbeinse} : four linearly independent fields in the tangent space
g, (X) =1, €,(x) €/ (x)
Connection: @, -

A A A A O A O
Curvature tensor: Ry,, =@, , — @y, , + Op, 0y, — O, Oy,

A

: . A _ A _ A B _ _A B
Torsion tensor: T, =e, A —e,, +@e, —ope,

| evi-Civita connection and Contortion tensor: @age =1 pe + K 5

1
KMI' = E (T:'M — TH{'A — TAM' )= _K}fﬂt"

Curvature and Torsion Scalars: |R = R +T — Z(Z,w),ﬁ

R — gh LRF = g,u L’R;J' T — lT;;: IT + lT,r;nT o T,r:- TI,:'“

J17e 4 v 2 VL e T



f(T) Gravity and f(T) Cosmology

f(T) Gravity: Simplest torsion-based modified gravity

Generalize T to f(T) (inspired by f(R))
S = lﬁ:ﬂ_fd“x e [T+ r(m]+s,
Equations of motion:

e, (eet S® )1+ £, ) —eiTES™ + e552°0 (T) fry _&E; [T+ f(T)] = 4G T5
f(T) Cosmology: Apply in FRW geometry:
et =diag(l,a,a,a) = ds* =dr* —a’(1)S,dx'dx’ (notuniquechoice)

Friedmann equations:
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Solving HO and S8 tensions in f(T)

Gravity
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Modified gravity realizations of Quintom
after DESI DR2

[Z-K Guo, Y-S Piao, X-M Zhang, Y-Z Zhang, Phys.Lett.B 608 (2005)]

TY T T T2
f( ):—+a—+b——2c
T, To Tp T2

HT) =T+ m(—T)'”*[l = eﬂhf’ﬂ T

A = 0.042%; 00 DESI DR2+CMB+Pantheon+, = —0.062+000 DESI DR2+CMB+Pantheon+, 0.00
le.[ Quintom model a = —0.06275,40 Quadratic model —— DESI + P-BAO
ILL —0.25 1 —— ACDM
i ——- best fit
4011 J IL =0.50 4 — Wy =W,
K I 1

j ! b = 0,039 —0.75

X L ) ————
o JJLH |
P = 11205338 & x k = -1.00 1\
T 1
- || & | / Al ~1251 |
¢ c = —0.380+00%2 |
’ - < Zeross = 218y
L= o370 Jj 1.50 i
- 0.005 l
\ f @ i WLI -1.751 i
1
1 4 M | Il O S 51 |
S EEEF FIIFT IR ey I 2% 05 1.0 15 20 2.5
p L

DESI DR24+CMB+Pantheon+ datasets
Criteria  Quintom model Quadratic model

AIC 97.81 95.146

BIC 117.824 117.1

[Y. Yang, X. Ren ,Q. Wang, Z.Lu, D. zhang, YF. Cai, E. N. Saridakis. Sci.Bull. 69 (2024)]
[Y. Yang, Q. Wang,X. Ren, E. N. Saridakis. YF. Cai, 2504.06784 [astro-ph.CO]]



f(Q) gravity
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while the nonmetricity can be expressed as (7)
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f(Q) cosmology
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Testing GR and Modified
Gravity

" Solar-System data

" Galaxy data

" Galaxy-cluster data

" Cosmological data (SNla, BAO,CMB,CC, LSS)
" Early Universe (Inflation, Baryogenesis, BBN)

" Black-Hole-shadow data

® Gravitational-wave data
(multi-messenger astronomy)



Gravitational waves
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Gravitational waves

In case of GWs from black hole mergers we know their properties at the
moment of detection, and their direction (in case of three detectors).
Assuming GR and ACDM we can extract their speed, distance, and properties
at the moment of emission.

In case of GWs from neutron star mergers, and their E/M counterpart, we
know their properties at the moment of detection and their direction, but
using the implied physics from the E/M information we can extract their
speed, distance and properties at the moment of emission, independently of
the underlying gravitational theory and cosmological scenario.

Great tool for testing General Relativity and cosmological scenarios!



Horndeski

Gravitational waves

An immediate result: The speed of GWs is equal to the speed of

L cgfc—1<T7- i

beyond H.

Derivative Conformal l@l (1)
Disformal Tuning (21

quadratic DHOST with A; =0

quartic/quintic GLPV [18]
quadratic DHOST [20] with A; # 0
cubic DHOST [23]

Viable after GW170817

Non-viable after GW170817

[Ezquiaga, Zumalacarregui

aaaaa lous GW speed
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For tensor perturbatior

Gravitational waves

GW

gﬂﬂ':_:l? gﬂ'f-:[]:

. 1
9ij = ﬂrz(gij + hij + Ehikhkj)

.4

:’-l.ij + (3 + HM)rilij + (1 + ”T)Ehij =)

_ dlog(M?2)

XM = “Jloga c2=(1+ar)

_ 1 : 2213 20\1/2

i h’GR e 2 fu?{dn Ezk: f(n:T-|—.:1 m°/k°) /“dn
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Affects phase

Affects amplitude
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Gravitational waves

"  Polarizations:

Gravitational Wave Polarizations

%
o] o} —

/
St/

=" Tensor + Scalar T Vector 1

; \\?Tijf

Tensor x Scalar L Vector 2

—wt=0r  wt=m/2  -wt=37/2



Gravitational waves in modified gravity

= Testing General Relativity, modified gravities, and various cosmological
scenarios.

" The GWs properties at emission and detection are determined by them.
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[Cai, Li, Saridakis, Xue PRD97]
[Li, Cai, Cai, Saridakis, JCAP 1810]
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Gravitational Waves In
Modified Teleparallel Theories

R=-T —2V*T%,,

_ o 16:1'@ f{l4:ﬁ e f(T,B) + /tﬂ4:ﬁ o
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[Farrugia, Said, Gakis, Saridakis, PRD 97]
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Gravitational waves and Modified
Gravity

Modified gravity roadmap Constrained by

Massive
Gravity
mg > 0

General
Relativity

Unique theory
of massless g,

Additional
Field

Break
Assumptions




5000 years of observations
500 years of organized observations




We are approaching a Revolution!

EM observations: 400 years GW observations: 10 years



We are approaching a Revolution!

EM observations: 400 years GW observations: 10 years

Thank you!
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